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ABSTRACT: We describe structural properties and biological activities of two related O-glycosylated peptide
toxins isolated from injected (milked) venom ofConus striatus, a piscivorous snail that captures prey by
injecting a venom that induces a violent, spastic paralysis. One 30 amino acid toxin is identified asκA-
SIVA (termed s4a here), and another 37 amino acid toxin, s4b, corresponds to a putative peptide encoded
by a previously reported cDNA. We confirm the amino acid sequences and carry out structural analyses
of both mature toxins using multiple mass spectrometric techniques. These include electrospray ionization
ion-trap mass spectrometry and nanoelectrospray techniques for small volume samples, as well as matrix-
assisted laser desorption/ionization time of flight mass spectrometric analysis as a complementary method
to assist in the determination of posttranslational modifications, including O-linked glycosylation.
Physiological experiments indicate that both s4a and s4b induce intense repetitive firing of the frog
neuromuscular junction, leading to a tetanic contracture in muscle fiber. These effects apparently involve
modification of voltage-gated sodium channels in motor axons. Notably, application of either s4a or s4b
alone mimics the biological effects of the whole injected venom on fish prey.

Toxic components ofConusvenoms are predominately
small peptides (12-50 amino acids), most of which are
extensively cross-linked with internal disulfide bonds that
add rigidity and stability to the peptide and constrain its
conformation for optimal interaction with specific receptors.
In addition to disulfide linkages, cone snail peptides have
an unprecedented density and diversity of other amino acid
modifications that occur after translation of the peptide chain.
It is likely that many of these posttranslational modifications
(PTMs) also confer specificity to the peptide toxins, which
can be highly selective for certain receptor subtypes (1, 2).
For example, a subset of theµ-type toxins fromConus
geographusblocks voltage-gated sodium (Nav) channels in
frog skeletal muscle (Nav1.4) but has essentially no effect
on other subtypes of Nav channels expressed in peripheral
nerve (3). These toxins produce a flaccid paralysis of an
envenomated fish.

Of the more than 500 species in the genusConus, only
about 10% feed exclusively on fish, and these species form
at least three clades based on molecular genetic analysis (4).
Venoms of piscivorous snails contain peptides that selectively
target a variety of voltage- and ligand-gated ion channel types
in vertebrates, including voltage-gated Na, calcium (Cav),

and potassium (Kv) channels as well as nicotinic acetylcho-
line (nACh) receptors (5). Peptide toxins from piscivorous
snails have proven to be valuable in the identification and
localization of ion channel subtypes as well as for the
development of novel therapeutics (6-8).

Conus striatusbelongs to a clade of piscivorous snails
from the Indo-Pacific that includesConus catus, Conus
magus, Conus consors, Conus stercusmuscarum, andConus
striolatus. Each of these species has been observed to elicit
a spastic (rigid) paralysis upon injection of venom into a
fish during prey capture (1, 9, 10). In this work, we
characterize two O-glycosylated toxins isolated fromC.
striatus venom, designated s4a and s4b, in terms of both
structure and molecular target. Either of these two peptides
is capable of inducing repetitive firing in nerve and producing
a tetanic paralysis that is comparable to that seen with
injected venom. Craig and co-workers originally described
the s4a toxin, suggested block of Kv channels to be the mode
of action, and therefore named the peptideκA-SIVA (11).
However, a definitive molecular target forκA-SIVA has not
been identified (6). Additionally, some of the researchers in
the original study have since concluded that theκA-SIVA
toxin may affect Nav channels in a manner similar to that of
a C. consorstoxin with a homologous scaffold structure,
noting that further investigation of the toxin is warranted
(6). We demonstrate here that Nav channels are indeed
involved in the action of this toxin fromC. striatusand that
this peptide alone can mimic the observed action of the
injected venom. Given the assessment that Kv channels are
not targeted, peptide kA-SIVA is renamed s4a, in keeping
with current conotoxin nomenclature conventions (12).
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MATERIALS AND METHODS

Compounds and Solutions.Trifluoroacetic acid (TFA),1

glacial acetic acid, formic acid, 4-vinylpyridine (4-VP),
guanidine HSCN, EDTA (disodium salt), bovine insulin, and
R-cyano-4-hydroxycinnamic acid (CHCA) were obtained
from Sigma-Aldrich Chemical Co. (St. Louis, MO). Am-
monium bicarbonate, HPLC-grade acetonitrile (ACN), and
methanol were obtained from Fisher Scientific (Pittsburgh,
PA). Burdick and Jackson water (Muskegon, MI) was used
for peptide-trap rinsing and HPLC solvents.Aplysia cali-
fornica peptides (acidic peptide andR-bag cell peptide
residues 1-9) were obtained from American Peptide Co.
(Sunnyvale, CA). Immobilized tris(2-carboxyethyl)phosphine
disulfide reducing gel (TCEP) was purchased from Pierce
(Rockford, IL).

cDNA Cloning. Total venom duct RNA was isolated from
five individual C. striatusand the mRNA purified. Double-
stranded oligo(dT) primed cDNA was prepared and cloned
directionally into the pSport2 (Invitrogen Corp., Carlsbad,
CA) cloning vector in order to create a venom duct plasmid
cDNA library. One hundred and twenty-eight random clones
were sequenced from the 5′-ends of the cDNA inserts.

Isolation of Toxins from Injected Venom. Live C. striatus
specimens were collected from Tutuila Island, American
Samoa, and maintained at Hopkins Marine Station in closed
tanks at 27°C for up to 6 months, and the injected venom
was collected. Injected venom was obtained by a milking
procedure as described elsewhere (13, 14). Briefly, a live
fish was used to arouse the snail, inducing it to puncture a
latex membrane covering a sample vial with the radular tooth
and inject venom. Several milkings from an individual snail
were combined and injected onto a Rainin C18 column (4.6
× 150 mm, 5µm particle diameter, 30 nm pore size) (Rainin
Instrument, LLC, Oakland, CA) using a LKB Bromma
HPLC system (Bromma, Sweden). A gradient was developed
from 15% to 30% ACN over 30 min. Fractions from these
separations could be further separated by changing the
organic modifier. In some cases, single stage separations were
sufficient to resolve the two peptides and were performed
using a Vydac C18 column (4.6× 150 mm, 5µm particle
diameter, 30 nm pore size) (Grace Vydac, Hesperia, CA)
with a gradient from 15% to 30% ACN over 50 min.

MALDI-TOF MS Experiments.(A) Linear Mode MS for
Identification of Purified Fractions.A 0.5 µL aliquot of each
sample was spotted onto a gold-plated target along with 0.5
µL of a matrix (15 mg of CHCA, 600µL of acetonitrile,
400 µL of water, and 3µL of TFA). Matrix-assisted laser
desorption/ionization (MALDI) mass spectrometry (MS) was
used to obtain mass spectra with a Voyager DE STR (PE
Biosystems, Framingham, MA) time of flight (TOF) mass
spectrometer equipped with delayed ion extraction. A pulsed

nitrogen laser (337 nm) was used as a desorption/ionization
source, and positive ion mass spectra were acquired using
the linear mode. Each representative mass spectrum shown
is the smoothed average of 128-256 laser pulses. External
mass calibration was performed using a mixture of synthetic
peptide standards (PE Biosystems).

(B) Reflectron MALDI-TOF MS for Accurate Mass De-
termination.Accurate mass spectra were obtained by pipet-
ting a 0.5µL aliquot of each sample onto a gold-plated target
and adding 0.5µL of the CHCA matrix on top. A standard
mixture consisting of bovine insulin (120 pmol/µL), acidic
peptide (120 pmol/µL), angiotensin I (60 pmol/µL), and
R-bag cell peptide residues 1-9 (60 pmol/µL) was spotted
at the edge of the target well, topped with CHCA matrix,
and then mixed with the sample to be analyzed. Manual
calibration of the instrument was performed utilizing the
known monoisotopic mass values for the internal standards.
Positive polarity, reflectron mode spectra were collected
using 500 laser pulses averaged per spectrum. No smoothing
or postcollection processing was performed other than
automatic application of the internal standard adjustments
by the Voyager Data Explorer software (PE Biosystems).

Microbore HPLC-ESI MS of Injected Venom.Injected
venom samples from individual snails were pooled (about
four milkings and total volume of 12-15 µL) and stored at
-80°C until ready for use. An HPLC electrospray ionization
(ESI) MS experiment typically utilized 5µL of this material,
which was loaded into a peptide trap in line with the injection
loop and rinsed with pure H2O to remove salts. Separations
were performed using a MAGIC 2002 microbore HPLC
system (Michrom BioResources, Auburn, CA). Injection onto
the column (Vydac, PepMap C18; 1 mm × 150 mm, 3µm
particle diameter, 10 nm pore size) was made at a uniform
flow rate of 30 µL/min. The mobile phase consisted of
solvent A, 95% H2O, 5% ACN, 0.1% acetic acid (v/v), and
0.02% TFA (v/v), and solvent B, 10% H2O, 90% ACN, 0.1%
acetic acid (v/v), and 0.014% TFA (v/v). A gradient was
developed from 5% to 15% solvent B in 5 min and 15-
45% solvent B in an additional 30 min.

For online MS detection, the column was connected
directly to the atmospheric pressure inlet port of an LCQ
Deca, ESI ion-trap mass spectrometer (Thermo, San Jose,
CA). The MS method employed a spray voltage of 4.3 kV,
a capillary temperature of 220°C, capillary voltage of 21
V, and a tube-lens offset of 10 V. By default, automatic gain
was used to control injection of ions into the trap. Using the
Xcalibur software (Thermo), a modified triple-play data-
dependent acquisition control with dynamic exclusion was
developed. Briefly, a full-scan MS was followed by a
zoomscan and then MS2 of the largest peak in the full scan.

Reduction/Alkylation of Conotoxins.(A) HPLC Conditions
and Retention Time of the NatiVe Toxins.A vial containing
either the s4a or s4b material was concentrated to near
dryness using a SpeedVac (ThermoSavant, Holbrook, NY).
Water (10µL) was added to the vial, and the sample was
gently vortexed and briefly sonicated. A 2.5µL aliquot of
the material was fractionated using the same peptide trap,
PepMap column, microbore HPLC system, and solvents as
discussed above. For the s4a peptide, a gradient was
developed at a uniform flow rate of 30µL/min with an initial
wash phase that consisted of 1% B for 10 min, increasing to
20% B over 20 min, and to 30% B in 10 min. A gradient

1 Abbreviations: ACN, acetonitrile; AP, action potential; CHCA,
R-cyano-4-hydroxycinnamic acid; CID, collisional-induced dissociation;
DRG, dorsal root ganglion; EPP, end plate potential; ESI MS,
electrospray ionization ion-trap mass spectrometry; HPLC, high-
performance liquid chromatography; MALDI-TOF MS, matrix-assisted
laser desorption/ionization time of flight mass spectrometry; MS2,
fragmentation of an MS-isolated ion and the subsequent MS-based
measurement of a resulting product ion; MS3, three-stage mass analysis
experiment concluding with the measurement of an MS2 fragment ion;
NSI MS, nanospray ionization mass spectrometry; TFA, trifluoroacetic
acid.
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was then developed from 30% B to 45% over 30 min,
followed by a gradient from 45% to 65% B over 5 min.
Fractions were collected on a Gilson FC 203B fraction
collector (Middletown, WI), and peaks were identified by
MALDI-TOF MS. The peak corresponding to the s4b peptide
was separated in a similar fashion but with an optimized
gradient consisting of 1-5% B over 20 min, increasing to
15% B after 30 min and 30% B at 40 min, and finally
increasing from 30% to 37% B over 20 min.

(B) Linear Mode MALDI-TOF MS for Monitoring Frac-
tions.Positive polarity, linear mode MALDI-TOF MS spectra
were acquired as detailed previously. Monitoring of the
reduced and alkylated material was performed without any
additional sample treatment.

(C) Reduction of Conotoxins.An estimated 800 pmol of
s4a and 150 pmol of s4b were subjected to reduction/
alkylation. The samples were concentrated to near dryness
using a SpeedVac concentrator and then resuspended in 100
µL of 6 M guanidine HSCN, 0.1 M ammonium bicarbonate,
and 10µM EDTA. In a separate vial, 200µL of immobilized
TCEP gel was mixed with an equal volume of 20 mM
EDTA. The TCEP vial was vortexed and centrifuged at 2500
RCF for 2 min, and the supernatant was discarded. Another
200µL of 20 mM EDTA was added to the gel and the rinse
repeated. The sample was then added to the gel. Nitrogen
gas was blown over the vial before it was sealed, and the
sample was gently agitated for 15 min and then centrifuged
at 2500 RCF for 2 min. The supernatant was retained for
analysis in a separate vial. A final rinse was carried out by
adding 100µL of 0.05 M ammonium bicarbonate to the
TCEP gel, vortexing, and centrifuging as described above.

(D) Alkylation.The temperature in the SpeedVac was set
at 45°C and the concentrator shielded from light in order to
use it in the light-sensitive alkylation procedure. An addition
of 4 µL of 4-VP at room temperature was made to the
sample. Nitrogen was blown over the sample, and the vial
was wrapped in foil, vortexed, and placed in the heated
SpeedVac for 2 h.

(E) Purification of Alkylated Material.Prior to the
purification of the alkylated sample, 0.1% TFA (0.2µL) was
added in order to acidify the mixture. The sample was loaded
into the peptide trap and rinsed with 400µL of water. For
s4a, the separation was performed as described previously
for the untreated peptide. The alkylated s4b sample was
purified as described above for the native peptide. MALDI-
MS was employed to identify peaks of interest. Alkylated
products for both peptides exhibited slightly greater hydro-
philicity than their precursors.

Tandem MS Experiments for Sequence Verification.In
order to perform in-depth, collisional sequencing experiments
while utilizing minimal sample volume, the ion trap instru-
ment was fitted with a static nanospray source supplied by
the vendor. A 5µL aliquot of a second-stage HPLC fraction
corresponding to the mass of interest was concentrated via
the SpeedVac and reconstituted in 10µL of a methanol/water
mixture [50/50 (v/v) with 0.1% formic acid]. The sample
was loaded into a tapered, platinum-coated borosilicate
nanospray emitter, PicoTip (New Objective, Woburn, MA),
and a spray voltage of 1.5 kV was applied. The capillary
temperature was set at 200°C and the capillary potential at
39 V. The optimized spray voltage and ion optic settings
were adjusted using the autotune function. Once a full scan

was observed in real time, MS2 and MS3 experiments were
directed by manually inputting the mass to charge (m/z)
values.

Tandem MS (MS/MS) sequencing experiments used a
mass isolation width ofm/z 1.5 for the precursor ion and
m/z 1.0 for resulting MS2 fragment ions to be retained in
the trap. An activationQ (ion instability parameter) value
of 0.25 at an activation time of 30 ms was utilized. The
normalized collisional energy was set at 35% for both MS2

and MS3 experiments. Spectra were acquired for 2 min or
longer, resulting in a minimum of 164 scans. Sequence
verification was facilitated using the online Protein Prospec-
tor, MS-Product program (15).

Electrophysiology.Sartorius or cutaneous pectoris muscles
with intact nerve supplies were dissected from frogs (Rana
pipiens) and bathed in a standard saline containing (in mM)
120 NaCl, 2.5 KCl, 2.0 CaCl2, and 5 HEPES (pH 7.2). In
some experiments, 12 mM tetraethylammonium chloride
(TEA Cl) was added with an equivalent reduction in the
concentration of NaCl. The membrane potential of muscle
fibers was measured with an intracellular microelectrode
filled with 3 M KCl, and neuromuscular transmission was
assayed by stimulating the cut ends of the nerves with brief
shocks (0.4 ms, 1.5 V) delivered with a suction electrode
filled with standard saline. Muscle action potentials (APs)
were eliminated by adding the peptide, 2µM µGIIIA ( 16),
to the bath. This peptide fromC. geographusselectively
blocks Nav channels in muscle, thus allowing measurement
of large end plate potentials (EPPs) in response to nerve
stimulation with no muscle contraction. In some experiments,
extracellular focal recordings were made at end plate regions
using a polished glass pipet filled with the same saline used
in the bath.

In several experiments, the nerve was isolated in its own
bath to permit selective application of toxin to motor axons.
This was achieved by placing the muscle and distal nerve
trunk in the recording chamber (1 mL volume) and then
drawing the cut, proximal end of the nerve into an adjacent
250µL chamber through a Vaseline-gap seal. The endoneural
sheath was dissected from a section of nerve in the smaller
chamber, and the cut end was drawn into a suction electrode
for stimulation in the usual manner. Lack of leakage between
the two chambers was confirmed with a dye.

Dorsal root ganglion (DRG) neurons were isolated from
individual frog ganglia that had been treated with collagenase
type IA (1 mg/mL) and nonspecific protease type XIV (5-7
mg/mL) at room temperature for 1-1.5 h (both enzymes
from Sigma-Aldrich). After the capsule surrounding the
ganglion was cut open, neurons were dissociated by tritu-
ration and plated on glass coverslips coated with polylysine.
Cell cultures were maintained in 50% L-15 (Gibco, Carlsbad,
CA) in standard saline at 4°C for several days before use.
Conventional whole-cell patch clamp methods were carried
out to measure Na currents at 16-18 °C on cells with no
visible axonal processes, as described elsewhere (17). The
bath solution contained (in mM) 120 NaCl, 1 CaCl2, 4
MgCl2, and 10 HEPES (pH 7.2). The internal (pipet) solution
contained (in mM) 25 NaCl, 40 tetramethylammonium
fluoride, 40 tetramethylammoniuim aspartate, 10 TEA Cl, 2
EGTA, 1 EDTA, and 10 HEPES (pH 7.2).
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RESULTS

Collection and Purification of Injected Venom.Injected
venom, rather than duct venom, fromC. striatusis studied
here, thereby characterizing the unique peptide complement
actually employed during prey capture (18). Furthermore,
use of crude venom isolated from the venom duct requires
sacrifice of the animal. In previous work, we showed that
injected venom, collected by milking wildC. striatus,
typically contains two predominant peptides, resolved by
reverse-phase HPLC (14).

Cloning. Venom-duct mRNA isolated from individualC.
striatus was converted to cDNA and transformed into a
plasmid library. Genes encoding peptide toxins were identi-
fied by open reading frame and translation analyses. cDNAs
encoding peptide toxins represented over half of the ran-
domly selected and sequenced clones. A number of these
clones encoded putative amino acid sequences later identified
as the peptides s4a and s4b (Figure 1). One sequence
contained an open reading frame of 69 amino acids with a
structure typical of a conotoxin propeptide, the C-terminal
portion of which matched the reported 30-residue sequence
of the mature toxin, s4a (κA-SIVA of ref 11). A second
sequence (s4b) predicted a propeptide of 80 amino acids with
the predicted mature peptide of 37 residues (bracketed
segments in Figure 1). The cDNA-predicted N-terminal
amino acids for s4a and s4b (Q) indicated the likelihood of
pyroglutamate (pGlu) occurrence [later labeled as (q) after
identification by mass spectrometry] (19). Glycine residues
located after the C-terminal cleavage in the s4a- and s4b-
predicted sequences are an indication of C-terminal amida-
tion. Previous work by others yielded cDNA sequences from
C. striatusidentical to those presented here for s4a (11, 20,
21) and s4b (20).

Amino Acid Analysis.Each of the two purified fractions
was subjected to amino acid analysis. The results matched
the predicted residues in the cDNA sequences, expected
number of disulfide linkages, and likely PTMs for s4a and
s4b. The sequence and amino acid residue matches can be
found in Supporting Information.

Mass Spectrometric Characterization. Fractions from
reverse-phase HPLC separations of injected venom were
assayed by MALDI-TOF MS and ESI MS using an ion-trap
instrument.

MALDI-TOF MS of Purified Fractions. The positive
polarity linear mode MALDI mass spectra from the s4a
fraction yielded an averagem/z of approximately 4084 for
the predominant peak. Several specific peaks of lower mass
in the spectrum (noted in Figure 2A and described below)
were consistent with glycosylation of the mature peptide.
Within the mass error of linear mode MALDI MS, peaks at
m/z 3923 and 3762 corresponded to the loss of one and two

hexose (Hex) units, respectively. A peak observed atm/z
3192 was consistent with an 892 Da shift from the main
peak atm/z 4084 due to the loss of anN-acetylhexosamine-
containing moiety, Hex3-HexNAc-HexNAc, with a calculated
mass of 893 Da. Given that there is no N-linked glycosylation
consensus sequence (Asn-Xxx-Ser/Thr) in the primary
structure of s4a, the glycan must be O-linked via serine or
threonine residues. Thus, the peak atm/z3192 approximated
the calculated M+ H for the s4a peptide based on the
predicted amino acid sequence and likely PTMs (pGlu, Hyp,
disulfide linkages and amidation) and was further supported
by amino acid analysis (see Supporting Information).

Figure 2B illustrates the analogous MALDI-TOF mass
spectrum for the s4b fraction. The most abundant peak in
the spectrum was identified atm/z 4950. As in the case of
s4a, peaks corresponding to the sequential loss of one and
two hexose units were also observed (m/z 4786 and 4626 in
Figure 2b), and a peak occurred that was 891 Da smaller
than the most abundant peak (m/z 4059 vs 4950 in Figure
2B). This smaller mass approximates the calculated M+ H
mass for the s4b-predicted primary structure (taking into
account nominal mass accuracy for linear mode MALDI MS)
with the same likely PTMs described above for s4a and is
consistent with the amino acid analysis of s4b. Thus, an
O-linked glycosyl group, Hex3-HexNAc-HexNAc (893 Da),
accounts for the observed average mass for the mature
peptide atm/z 4950.

ESI Ion-Trap MS To Characterize Glycosylation. In order
to probe s4a and s4b for further evidence of glycosylation,
each peptide was subjected to ESI MS. The O-linked
glycosyl modification was found to be much more labile
using ESI MS than with MALDI MS. Additionally, the type
and intensity of the glycan fragments are highly dependent
on ionization and instrumental conditions as well as the
peptide sequence (22-24). For both peptides, an M+ H
peak ofm/z893.2 (Figure 2C for s4a and Figure 2D for s4b)
corresponded to the released Hex3-HexNAc-HexNAc modi-
fication. Furthermore, sequential losses of the glycan subunits
are noted in Figure 2C,D, demonstrating that the peptide is
most likely attached to two HexNAc units in series followed
by three hexose units. This type of glycosylation structure
was previously observed forκA-SIVA, and the site of sugar
attachment was reported to be the serine at position 7 in s4a,
as implied by a blank Edman cycle (11).

Notably, in the HPLC-ESI MS depicted in Figure 2B,D,
a peak corresponding to the b5 ion was identified for both
peptides. The singly charged fragment atm/z 539 cor-
responded to the b5 fragment of s4a, qKSLV (where q is
pyroGlu), which was adjacent to the portion of the sequence
containing the glycosylated serine, -PS§VIT- (where § is the
892.8 Da O-linked glycosyl group). The b5 ion was also
readily observed in ESI MS (Figure 2D) and MS2 conditions
for the s4b peptide (qKELV at m/z 581).

Mass Accuracy Measurements. MALDI-TOF MS in high-
resolution reflectron mode used internal standards to gain
high mass accuracy spectra for both s4a and s4b (Figure 3).
After purification, each of the peptides was spotted on a
MALDI target containing a mixture ofR-bag cell peptide
(residues 1-9), angiotensin I, acidic peptide, and bovine
insulin. The spectra were compared to the monoisotopic mass
calculation of the peptides with the predicted PTMs.

FIGURE 1: cDNA predicted sequences. Venom duct mRNA was
isolated from individual snails, converted to double-stranded
complementary DNA (cDNA), and cloned to create a cDNA library.
Random clones were sequenced, and peptide toxin coding clones
were selected, yielding putative amino acid sequences for s4a and
s4b. The precursor sequences are shown with the mature conopep-
tide sequences in brackets.

Characterization of TwoC. striatusParalytic Toxins Biochemistry, Vol. 45, No. 47, 200614215



The theoretical monoisotopic mass for the s4a peptide (30
amino acids) with PTMs of N-terminal pGlu, disulfide
bonding between six cysteine residues, O-glycosylation of
serine 7 as discussed above, C-terminal amidation, and three
hydroxyproline residues ism/z 4080.560. The resulting
spectra of the s4a fraction yielded a reflectron mass ofm/z
4080.471 (Figure 3A). This measured value thus differed
from the theoretical value by 22 ppm.

For the s4b peptide (37 amino acids), a theoretical
monoisotopic mass was calculated asm/z4947.088, including
disulfide bonding between six cysteine residues, pGlu at the
N-terminus, O-glycosylation, six hydroxyproline residues,

and C-terminal amidation. A high-accuracy measurement of
purified s4b resulted in an observed mass ofm/z 4947.100
(Figure 3B), a deviation of 2.4 ppm from the theoretical
monoisotopic mass value. These results support the s4a and
s4b peptide sequences as determined by cDNA and amino
acid analyses, including the noted PTMs (without reference
to their actual position in the sequence).

Chemical Treatment To Indicate Glycosylation. In order
to further demonstrate the existence of O-glycosylation,
chemical treatment with NH4OH was performed on each of
the purified peptides. The efficacy of MS to determine
removal of O-linked glycosylation from serine and threonine
residues in peptides using NH4OH has been previously
demonstrated (24). The reaction was reported to involve two
steps. In the first, the glycan is removed under aâ-elimination
reaction, creating a dehydroalanine intermediate. Then NH3

is added across the double bond of the dehydroalanine via a
Michael-type addition. Further, the reaction with NH4OH has
been shown to leave peptides without glycosylation, as well
as C-terminal amides intact (24). In each experiment, a
second peak atm/z 3094 and 3961 was observed in similar
abundance, corresponding to the loss of∼893 Da and
demonstrating the presence of the glycan for s4a and s4b,
respectively.

Peptide Sequence Verification by Mass Spectrometry.
Identification of the peptide sequence for s4a and s4b to this
point has included predicted amino acid sequences from
cDNAs, amino acid analysis indicating PTMs, chemical and
MS evidence for O-linked Hex3-HexNAc-HexNAc, and
accurate mass measurements matching the theoretical peptide
masses. Verification of the final amino acid sequences for
both peptides was achieved with nanospray ionization (NSI)

FIGURE 2: MALDI MS and HPLC-ESI MS of s4a and s4b milked venom fractions. MALDI-TOF MS in linear mode of (A) s4a, and (B)
s4b. The glycosylation for s4a and s4b is observed. Full LC-ESI-ion-trap MS data for (C) s4a and (D) s4b are shown. Approximate retention
times for s4a and s4b were 13.7 and 15.2 min, respectively. a, b, c, d) peaks corresponding to glycosyl losses; toxin- Hex, toxin -
2Hex, toxin- 3Hex, and toxin- Hex3NAc, respectively.

FIGURE 3: Accurate mass MALDI MS in reflectron mode of (A)
s4a and (B) s4b using internal standards as described in Materials
and Methods. On the basis of PTMs determined by amino acid
analysis and MS (data shown later), the theoretical mass of s4a is
4080.560 Da while the theoretical mass of s4b is 4947.088 Da.
Mass differences of the observed s4a and s4b from the theoretical
masses are 22 and 2.4 ppm, respectively.

14216 Biochemistry, Vol. 45, No. 47, 2006 Kelley et al.



MS experiments on the reduced and alkylated conotoxins.
Figure 4A illustrates full-scan NSI MS peaks from the fully

alkylated s4a sample. The abundant peak atm/z 1180.4
corresponded to the+4-charged, alkylated s4a peptide with
the glycan intact. Peaks observed atm/z 1913.1, 1276.0 and
957.3 represented the+2-, +3-, and +4-charged, MS-
induced deglycosylated species of the alkylated peptide,
respectively. The reduced and alkylated s4a toxin was
subjected to NSI MS2 and MS3 experiments that were able
to target both the glycosylated and glycan-free peptides.

Fragmentation of the glycan-free molecular ion vastly
simplifies sequence interpretation as demonstrated by com-
parison of Figure 4B with Figure 4C. Figure 4B illustrates
a NSI MS2 spectrum of the alkylated, glycosylated s4a
peptide (+4-charged,m/z 1180.4). Hexose losses were
readily observable in the collisionally induced dissociation
(CID) spectra such that few b/y ions could be identified.
Figure 4C details the CID spectrum obtained by isolation
and fragmentation of the peak atm/z 1914.3, corresponding
to the alkylated, deglycosylated s4a, [Malk+2H-(Hex3-Hex-
NAc-HexNAc)]2+. The assignment of the single, unmodified
proline residue at the 6 position was supported by observance
of the b6 and ion b5 ions. The remaining proline residues
from the cDNA sequence were hydroxylated as evidenced
by the C-terminal fragment loss in each experiment, from
y10 to y9, and the combined loss between y9 and y7. A
summary of the observed fragments from MS2 experiments

and the matching s4a sequence is given in Figure 5A.
Furthermore, cleavage of s4a at the N-terminal side of residue
16 with endoprotease Asp-N yields the expected mass
fragments by ESI and MALDI MS (data not shown).
Collectively, these results strongly support the proposed
sequence and PTMs as summarized in Figure 5A.

As with the s4a peptide, the s4b conotoxin was reduced
and alkylated, purified, and subjected to NSI MS and MS2

sequencing experiments. The full-scan MS of the alkylated
s4b peptide is depicted in Figure 4D. The two abundant peaks
in the spectrum atm/z1397 and 1118 correspond to the+4-
and+5-charged ions of the fully reduced intact s4b peptide,
respectively. Deglycosylated peaks, even after optimization,
were limited to small signals atm/z 1564 (+3), m/z 1174
(+4), andm/z 940 (+5). Nevertheless, MS2 spectra were
obtained from both glycosylated and deglycosylated molec-
ular ions. Figure 4E depicts the MS2 spectrum obtained from
the+3-charged precursor of the alkylated s4b (m/z 1397.5).
As observed with peptide s4a, the presence of the glycan
moiety creates a number of peaks that complicate the
spectrum (denoted with double daggers), which limits the
reliable sequence information that is obtained. The informa-
tion yielded by this spectrum was combined with other MS2

spectra: CID of the glycan free species,+4-charged atm/z
1174.2 (Figure 4F), and+3-charged atm/z1564.4 (spectrum
not shown). A summary diagram of the fragment identifica-
tion and the corresponding sequence is given in Figure 5B.

FIGURE 4: NSI MS CID spectra for s4a and s4b purified venom fractions. (A) Full MS of the purified fraction of fully reduced and
alkylated s4a. Underlined masses represent deglycosylated peaks. Unlabeled peaks correspond to other minor alkylation products. (B) CID
spectrum ofm/z 1180.4 (fully reduced and alkylated s4a with glycosyl,+4). (C) CID spectrum ofm/z 1914.3 (fully reduced and alkylated
s4a without glycosylation,+2). (D) Full MS of the purified fraction of fully reduced and alkylated s4b. (E) CID spectrum ofm/z 1397.5
(fully reduced and alkylated s4b with glycosyl,+4). (F) CID spectrum ofm/z1174.2 (fully reduced and alkylated s4b without glycosylation,
+4). ‡ ) peaks related to hexose losses.
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The detection of the b3, b4, and b5 fragments provide
verification of the qKELV N-terminus. The mass difference
between the N-terminal b5 and b7 ions supports the presence
of an unmodified proline residue at the sixth position in the
sequence. Amino acid analysis of s4b confirmed that one
proline and six hydroxyproline residues are present. The
N-terminal 30 amino acids of s4a and s4b are identical except
for the third residue (E instead of S in residue 3 for s4b),
which may suggest that glycosylation at the serine 7 position
is similar. The prevalence of Ser and Thr residues surround-
ing the proposed glycosylation site in both toxins provides
further support that serine 7 is the site of the modification
(25).

Physiological Action of Injected Venom.Under control
conditions, stimulation of the nerve supplying a frog muscle
leads to a single AP in motor axons, a single EPP at the
neuromuscular junction, and a single AP in the muscle fibers.
In our experiments, muscle APs were selectively blocked
with the toxinµGIIIA, and an EPP resulting from a single
nerve shock is illustrated in the upper trace in Figure 6A. In
the presence of a 1/1000 dilution of injected venom fromC.
striatus, a single nerve shock produced an intense burst of
EPPs at∼100 Hz (lower trace in Figure 6A) that could last
for more than 6 s (not illustrated). EPP amplitude and time
course were not grossly affected, suggesting that the main
action of the toxin is to induce repetitive firing in motor
axons or nerve terminals. The concentration threshold for
this effect varied between dilutions of 1/5000-1/15000 of
injected venom, depending on the animal. Repetitive EPPs
can also occur spontaneously in the presence of injected
venom, particularly with higher doses and longer exposure
times.

Injected venom had no apparent effect on the frog nerve-
muscle preparation in the presence of tetrodotoxin (TTX), a
highly selective blocker of Nav channels in both nerve and
muscle. Although AP-generating mechanisms were thus
implicated, the relevant Nav channels could be either in the
nodes of Ranvier of motor axons or in the nerve terminals
themselves. A series of experiments was therefore carried
out to identify the anatomical site of toxin action. A segment
of nerve, including the cut end, was isolated in its own
chamber and separated from the muscle by a Vaseline gap.
When injected venom fromC. striatuswas applied to the
compartment containing only the nerve segment, repetitive
EPPs were evident, exactly as described above (data not
shown). Tests with dye confirmed that there was no leakage

between the two chambers. Thus, the active toxins in injected
venom appear to have molecular targets localized to nodes
of Ranvier, but our experiments cannot rule out the possibility
of targets also residing in the nonmyelinated nerve terminals
on the muscle fibers.

Physiological Effects of s4a- and s4b-Purified Fractions.
Application of a purified fraction of s4a to the frog

FIGURE 5: CID sequence verification summary diagram. Sequence verification for (A) s4a and (B) s4b showing a modified ladder diagram
of detected b/y ions. CID was performed on a number of charge states of the fully reduced and alkylated peptides that led to additional b/y
ion assignments other than shown in Figure 4.+ ) b/y ion was detected. Bolded amino acid designations represent masses directly confirmed
by MS. Other amino acid assignments are supported by mass differences. O) hydroxyproline; q) pyroglutamic acid.

FIGURE 6: Effects of injected venom fromC. striatus and s4a
peptide. (A) EPPs recorded from cutaneous pectoris muscle fibers
following nerve stimulation. Muscle APs were blocked withµGIIIA
toxin. The upper trace shows the normal response to a single nerve
shock. The lower trace shows the repetitive discharge after addition
of injected venom to the saline (1:1000 dilution). Neither the time
course nor amplitude of the EPP is noticeably altered by the toxin.
(B) Muscle APs recorded with a focal extracellular electrode in
response to a single nerve shock in standard saline (upper trace),
following the addition of 12 mM tetraethylammonium (TEA, middle
trace) and after addition of purified s4a (lower trace). The first AP
near time zero is obscured by the stimulus artifact. TEA does not
induce repetitive firing on its own, but s4a application (in the
presence of TEA in this experiment) mimics the action of injected
venom. Application of s4a peptide in the absence of TEA also
induces repetitive firing (not shown). Similar results were obtained
with purified s4b (not shown).
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neuromuscular preparation at concentrations greater than 30
nM was typically sufficient to induce repetitive EPPs evoked
by a single motor nerve stimulus (Figure 6B). This effect
thus mimics that produced by injected venom, and repetitive
firing induced by s4a was also TTX-sensitive. Purified s4b
produced qualitatively similar effects (data not shown).
Neither s4a nor s4b had any obvious effect on the frequency
of spontaneous transmitter release (detected as miniature
EPPs; data not shown), suggesting that these peptides do
not directly affect resting calcium levels or membrane
potential in nerve terminals.

Voltage-gated Na channels in nodes of Ranvier are
candidate targets for s4a and s4b, and we attempted voltage
clamp studies to test this idea. Whole cell patch clamp
recordings were made from frog DRG neurons. Injected
venom (1:1000 dilution) and purified s4a (concentration
undetermined, 1:500 dilution) produced a negative shift of
10-15 mV in the Na conductance-voltage relation. Similar
effects were seen with crude venom isolated from the venom
duct (1:1000-2000 dilutions). Time courses of the Na
currents were not obviously affected, except for the apparent
shift in voltage dependence.

DISCUSSION

Two peptide toxins have been isolated from the injected
venom ofC. striatusand are designated s4a and s4b. Each
peptide is a major component of the injected venom and is
individually capable of producing repetitive firing in frog
nerve. This action mimics that of the unfractionated injected
venom and probably involves modification of axonal Na
channels. As shown above, the efficacy of the individual
peptides, s4a and s4b, stands in contrast to the synergistic
effect of two different toxins fromConus purpurascens, a
piscivorous species from the Eastern Pacific (26). This
suggests that at least two distinct molecular mechanisms have
evolved in the genusConusfor rapid immobilization of fish
prey through spastic paralysis: a combination strategy
involving both Nav- and Kv-channel modifiers, like that seen
in C. purpurascens, as well as a mechanism requiring only
a single peptide as inC. striatus.

Structural Characterization of s4a and s4b.Both s4a and
s4b have been characterized by amino acid analysis and
MALDI-TOF MS as peptides having 30 and 37 residues and
monoisotopic M+ H of m/z4080.5 and 4947.1, respectively.
DNA cloning and sequencing fromC. striatusvenom ducts
yielded two likely matches to the peptides observed. With
evidence of hydroxyproline residues from amino acid
analysis and pGlu and C-terminal amidation from the genetic
sequences, the predicted M+ H of m/z 3188.3 for s4a and
m/z 4054.8 for s4b could be compared to the measured
protonated mass. The monoisotopic mass difference in the
theoretical over the observed was∼892.3 Da, closely
matching the addition of an O-linked Hex3-HexNAc-Hex-
NAc. ESI MS, NSI MS, and MALDI-TOF MS were used
to confirm the presence of Hex and HexNAc moieties, and
treatment with NH4OH was consistent with an O-glycosy-
lated serine or threonine residue.

We confirm that the sequence for the b5 fragment for s4a
is qKSLV (where q is pyroGlu) and the singly charged
fragment appears atm/z 539. This is adjacent to the
glycosylated serine portion of the sequence qKSLV-PS§VIT-

(where § is the 892.8 Da O-linked glycosyl group). The high
abundance of the b5 ion is likely due to the enhanced
cleavage N-terminal to proline residues that has been reported
by Wysocki and co-workers (27, 28). The observed high-
intensity b16, y14, y9 ions in the MS/MS spectrum of s4a, as
well as the b16

+2, y21
+2, and y7 ions in the MS/MS spectrum

of s4b, provide additional evidence for favored cleavage
N-terminal to proline or hydroxyproline. Furthermore, the
presence of the glycosyl group may facilitate the abundant
fragmentation of the adjacent b5 ion by inhibiting charge
transfer along the amide bond, much the same way a basic
residue such as R, K, or H holds a charge and dominates
charge-directed fragmentation. As the b5 ion is also readily
observed in ESI MS and MS2 conditions for the s4b peptide
(qKELV at m/z 581), an indication is given that O-
glycosylation may also be located at the serine position 7
for this peptide. Furthermore, the presence of the b5 in both
of these peptides illustrates nicely the predicted difference
in the third residue in the N-terminal portion of the sequences
(S for s4a and E for s4b).

O-Linked glycosylation has been reported previously in
Conustoxins (9, 11, 29-31), but the functional significance
of this PTM is not clear. Previous work with glycosylated
conotoxins has focused on venoms derived from the venom
duct, leaving open the possibility that the O-linked glycan
may play some role in secretion within the venom duct but
is lost in maturation of the injected toxin. Such a role in
secretion remains possible, but loss of the glycan clearly does
not occur in the case of s4a and s4b, because the glycosylated
state is preserved in the mature toxins injected by the snail
during predation. Toxicity ofκA-SIVA (s4a) isolated from
the venom duct has been reported to decrease after degly-
cosylation (11), but such whole animal experiments can be
difficult to interpret, and quantitative physiological measure-
ments have not been described. In another type ofConus
toxin, contulakin-G, intracerebral injections of the native
O-glycosylated peptide in mice were more effective than with
the glycan-free analogue, despite a lower affinity of the
glycosylated toxin observed with in vitro binding assays (29).
Reasons for this apparent discrepancy are unclear but could
be due to the glycosylation modification playing a significant
role in the transport of the peptide in vivo. The role of
glycosylation and its manipulation in biomolecules affecting
folding, structure, stability, uptake, and recognition, among
other properties, are increasingly being investigated (32).

PTMs of both s4a and s4b have been determined by a
combination of amino acid analyses and NSI MS/MS
experiments. The s4b toxin was a previously uncharacterized,
putative peptide predicted from a cDNA sequence (20). Our
work here has confirmed the predicted sequence and further
characterized the toxin as qKELVPS§VITTCCGYDOGT-
MCOOCRCTNSCOTKOKKO-NH2, where q is pGlu, § is
O-linked Hex3-HexNAc-HexNAc, O is hydroxyproline, and
amidation occurs at the C-terminus. Santos et al. (20)
correctly predicted the modifications in s4b except that the
third residue (Glu) was predicted to be carboxylated. Thus,
our results underscore the importance of using MS or other
techniques that analyze the venom-isolated toxin, rather than
relying on sequence homology to predict mature toxin
sequences.

The s4b toxin has a high N-terminal homology to s4a,
determined to be qKSLVPS§VITTCCGYDOGTMCOOCR-
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CTNSC-NH2, where q is pGlu, § is O-linked Hex3-Hex-
NAc-HexNAc, O is hydroxyproline, and amidation occurs
at the C-terminus. s4a has been reported previously asκA-
SIVA (11). Our results for the sequence determination
matched the previously reported results, confirming genetic
information, amino acid analysis, and MS/MS verification
(11, 20, 21). The combination of the mass spectrometric
techniques to perform sequence verification provided infor-
mation to support the reported toxin sequences and post-
translational modifications.

Mechanism of Action for s4a and s4b Peptides.Despite
the dramatic physiological effects produced by isolated
fractions of s4a and s4b, and by injected venom, identifica-
tion of the specific molecular target through physiological
experimentation has been surprisingly difficult. Historically,
it has been well-known that crude duct venom fromC.
striatus is neurotoxic, causing contractions in vertebrate
skeletal and cardiac muscle preparations (33, 34). Subsequent
studies with single myelinated axons (frog) revealed intense
repetitive firing produced by crude duct venom, and voltage
clamp studies demonstrated that the main effect was a shift
in the voltage dependence of sodium channel activation to
more negative voltages (35).

Our preliminary voltage clamp experiments with frog DRG
neurons are consistent with this effect. Both s4a and injected
venom (as well as crude duct venom) regularly produced a
small, negative shift in the voltage dependence of Nav

channel activation. Similar experiments were not carried out
with s4b due to limited amounts of material. Since both
toxins appear to affect Nav channels expressed at frog nodes
of Ranvier, Nav 1.6 would be the most likely candidate
channel (36, 37). We suspect that action of these toxins was
partially masked in frog DRG neurons, which express a
mixture of Nav subtypes (38). Clearly, both s4a and s4b
toxins merit further testing with heterologously expressed
Nav 1.6 channels as well as other Nav subtypes. Additional
studies aimed at examination of the mechanisms of action
of s4a and s4b on native Nav channels will require a more
homogeneous population of the specific Nav isoform targeted
by these toxins.

In conjunction with its initial discovery, the s4a peptide
was suggested to block Kv channels (6, 11), but an extremely
high concentration of toxin was needed to only partially block
K currents through Shaker Kv1 channels expressed in
Xenopusoocytes. We also carried out tests with injected
venom and with purified s4a on Kv1 channels from several
sources expressed inXenopusoocytes (DrosophilaShaker
B ∆6-46, Xenopus XKv1.1 and XKv1.3, andLoligo
SqKv1.1), but we found no evidence for block of Kv channels
at concentrations well above those that induced repetitive
firing in frog nerve (data not shown).

Moreover, as indicated in Figure 6B, the s4a peptide
induces repetitive firing in frog nerve in the presence of 12
mM tetraethylammonium, a concentration sufficient to block
the three known types of Kv channels atXenopus nodes of
Ranvier (39). Since TEA itself did not induce repetitive firing
(see also ref35), it is clear that block of these Kv channel
subtypes does not mimic the effects of s4a or s4b.

Recently, a peptide of 60 amino acids (conkunitzin-S1)
that blocks heterologously expressed Shaker B∆6-46
channels has been identified inC. striatus(40), but efficacy
of this toxin on native preparations has not been reported,

nor is it clear if it is a component of injected venom.
Significant differences exist between peptides in the venom
duct of C. striatusand those injected into prey, and these
differences can vary greatly between individual snails (12).
This feature makes accounting for the exact mechanism of
paralysis of fish prey a challenging problem.

Different Mechanisms of Fish Paralysis in Conus. Data
presented in this paper indicate that s4a and s4b, the two
predominant peptides typically present in the injected venom
of C. striatus (14), can individually mimic the spastic
paralytic activity seen when this snail injects venom into a
living fish. Because s4a and s4b appear to act by augmenting
activation of nodal Nav channels, injection of these toxins
would immediately lead to intense repetitive activity in motor
axons and, presumably, also in myelinated sensory axons.
This aberrant activity would directly invade both the skeletal
musculature and the spinal cord. This type of single-peptide
mechanism of rapid paralysis may be common to all of the
members of the molecularly defined clade that includesC.
striatus, because other members have homologous toxins
(based on amino acid sequence) that have similar effects [C.
consors(9) and C. catus, unpublished results]. Abnormal
activation of Nav channels is a mechanism shared by many
scorpion toxins (41).

This mechanism of paralysis would appear to be funda-
mentally different than that described forC. purpurascens,
an Eastern Pacific species that also subdues fish with a spastic
paralysis. In the latter case, two distinct peptides accomplish
this task. One toxin,δ-PVIA, inhibits Na channel inactiva-
tion, whereas the other,κ-PVIIA, blocks Kv channels. Both
peptides are required to duplicate the paralytic activity seen
with whole venom (26). Modification of inactivation of Nav
channels (41), as well as block of Kv channels (42), is also
a mechanism shared by many scorpion toxins.

Evolution of piscivory probably occurred more than once
in Conus. One clade includesC. geographusand other snails
that paralyze fish in a flaccid state by employing blockers
of Nav channels (e.g.,µ-GIIA). This group shows clear
phylogenetic, behavioral, and toxicological differences from
the clade containingC. striatus and others that produce
spastic, rigid paralysis. A distinction between the spastic
paralysis employed byC. striatusand C. purpurascensis
harder to make on behavioral grounds, but the two molecular
mechanisms described above, one peptide versus two, as well
as the specific mechanisms of action against Nav channels,
make a stronger case for independent evolution of fish
hunting in these two cases. This hypothesis is consistent with
the most recent molecular phylogeny that placesC. pur-
purascensin a distinct clade withC. ermineus(43), an
Atlantic species that also produces a spastic paralysis (10).
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